Background-In select patient populations, Doppler echocardiographic indices may be used to estimate left-sided filling pressures. It is not known, however, whether changes in these indices track changes in left-sided filling pressures within individual healthy subjects or patients with heart failure with preserved ejection fraction (HFpEF). This knowledge is important because it would support, or refute, the serial use of these indices to estimate changes in filling pressures associated with the titration of medical therapy in patients with heart failure. Methods and Results-Forty-seven volunteers were enrolled: 11 highly screened elderly outpatients with a clear diagnosis of HFpEF, 24 healthy elderly subjects, and 12 healthy young subjects. Each patient underwent right heart catheterization with simultaneous transthoracic echo. Pulmonary capillary wedge pressure (PCWP) and key echo indices (E/eЈ and E/Vp) were measured at two baselines and during 4 preload altering maneuvers: lower body negative pressure Ϫ15 mm Hg; lower body negative pressure Ϫ30 mm Hg; rapid saline infusion of 10 to 15 mL/kg; and rapid saline infusion of 20 to 30 mL/kg. A random coefficient mixed model regression of PCWP versus E/eЈ and PCWP versus E/Vp was performed for (1) a composite of all data points and (2) a composite of all data points within each of the 3 groups. Linear regression analysis was performed for individual subjects. With this protocol, PCWP was manipulated from 0.8 to 28.8 mm Hg. For E/eЈ, the composite random effects mixed model regression was PCWPϭ0.58ϫE/eЈϩ7.02 (PϽ0.001), confirming the weak but significant relationship between these 2 variables. Individual subject linear regression slopes (range, Ϫ6.76 to 11.03) and r 2 (0.00 to 0.94) were highly variable and often very different than those derived for the composite and group regressions. For E/Vp, the composite random coefficient mixed model regression was PCWPϭ1.95ϫE/Vpϩ7.48 (Pϭ0.005); once again, individual subject linear regression slopes (range, Ϫ16.42 to 25.39) and r 2 (range, 0.02 to 0.94) were highly variable and often very different than those derived for the composite and group regressions.
with heart failure. 4, 7, 13 Doing so would require demonstration that changes in noninvasive indices accurately track changes in left-sided filling pressures within individuals as filling pressures vary. To accomplish this goal, we sought to make multiple, simultaneous measures within individual subjects as preload was manipulated using lower body negative pressure (LBNP) and rapid saline infusion. Study groups included healthy subjects across a broad age range and elderly outpatients with heart failure with preserved ejection fraction (HFpEF).
Methods

Subjects
Three study groups were evaluated: (1) elderly outpatients with HFpEF (nϭ11); (2) healthy elderly subjects (nϭ24); and (3) healthy young subjects (nϭ12).
Patients over the age of 65 years with a discharge diagnosis of congestive heart failure were considered for the HFpEF group if they had a clear history of congestive heart failure by Framingham criteria 14 with an ejection fraction Ͼ50% documented at the time of their index hospitalization. In addition, all HFpEF patients were required to have either an elevated brain natriuretic peptide level, documented pulmonary congestion by chest radiography or evidence of elevated left-sided filling pressures by right heart catheterization at the time of their index hospitalization. Exclusion criteria included other conditions that might explain the hospitalization, including the presence of atrial fibrillation at the time of the hospitalization, prior coronary artery bypass grafting, active myocardial ischemia, unrevascularized obstructive coronary disease (Ͼ50% lesions by prior angiography), stable angina, recent (Ͻ1 year) myocardial infarction, renal failure (creatinine Ͼ2.5 g/dL) or dialysis dependence, severe chronic obstructive pulmonary disease/or pulmonary disease, active malignancy, moderate or severe valvular heart disease, and warfarin use. HFpEF patients enrolled in the study also participated in additional testing beyond the scope of this report; additional details regarding the screening of HFpEF patients are available elsewhere. 15, 16 The healthy elderly study group consisted of subjects over the age of 65 years used previously in our research. 17, 18 All elderly subjects were carefully screened for hypertension and cardiac disease, including structural heart disease and hemodynamically significant obstructive coronary disease, using a history and physical examination as well as resting and postexercise transthoracic echocardiograms. Additional exclusion criteria for this group included the presence of valvular heart disease, atrial flutter or fibrillation, renal insufficiency, chronic lung disease, regular cigarette smoking within the past 10 years, or the use of cardiovascular medications. The healthy young study group consisted of subjects under the age of 50 years used previously in our research. 18 These subjects underwent a similar screening protocol as the healthy elderly subjects described above.
All subjects signed an informed consent approved by the institutional review boards of the University of Texas-Southwestern Medical Center at Dallas, Medical City Hospital, Dallas, TX, Doctors Hospital, Dallas, TX, or Presbyterian Hospital of Dallas.
Experimental Protocol
Subjects were studied in the resting supine or left lateral position. A 6F balloon-tipped fluid-filled catheter (Edwards Lifesciences, Irvine, CA) was placed with fluoroscopic guidance through an antecubital vein into the pulmonary artery. The catheter was connected to a physiologic pressure transducer with the zero reference point placed 5.0 cm below the sternal angle. The wedge position of the catheter tip was confirmed fluoroscopically and by the presence of an appropriate pulmonary capillary wedge pressure (PCWP) waveform. The PCWP balloon was inflated during data collection at each loading condition; in between data collections, the balloon was deflated.
After 30 minutes of quiet supine rest, baseline data were collected. Cardiac filling was then decreased using LBNP, as previously described. 19 The levels of LBNP used were Ϫ15 and Ϫ30 mm Hg. Because of large body habitus limiting use of the LBNP apparatus in 2 of the HFpEF subjects, head-up tilt at (20°and 40°or 60°) was used instead of LBNP, with the pressure transducer zero position carefully adjusted to the level of the right atrium documented by fluoroscopy and echocardiography. Five minutes into each level of cardiac unloading, 3 measures of the mean PCWP were obtained at end-expiration using a previously described technique. 20 These measurements were then averaged; Doppler echocardiography immediately followed.
After release of the negative pressure (or return to supine position) and confirmed return to hemodynamic baseline, cardiac filling was increased through a rapid infusion of warm (37°C) isotonic saline solution at 100 to 200 mL/min. The above measures were repeated after the infusion of 10 to 15 mL/kg and 20 to 30 mL/kg with smaller volumes generally used in the HFpEF patients to keep the PCWP Ͻ25 mm Hg and to avoid inducing pulmonary edema.
Echocardiography
For all subjects, at each level of cardiac loading and unloading, a transthoracic echocardiogram was obtained using an ATL (Advanced Technology Laboratories, Bothell, WA) HDI 5000CV (software version 10.1) or an iE33 (Philips Healthcare, Bothell, WA) ultrasound machine. Traditional apical 4-and 5-chamber views were used for all measures. Care was taken to obtain all images in the traditional imaging planes by an experienced echocardiographer. All images were evaluated blindly offline by an experienced sonographer in the Cleveland Clinic echo core laboratory; this reader was unaware of the resultant changes in PCWP associated with preload manipulation.
Doppler Measurements
Similar to measurements of the PCWP, all Doppler indices were obtained at end-expiration with 3 values averaged per stage of preload manipulation. Pulse-waved Doppler, using a sample volume of 2.0 mm placed at the tips of the mitral valve leaflets, was used to determine peak velocities of mitral inflow (E and A velocities). For tissue Doppler measurements, the septal and lateral walls were highlighted in the apical 4-chamber view. Using pulse-wave Doppler, a sample volume of 4.0 mm was placed at the septal side of the mitral annulus; the resulting early diastolic waveform velocity was recorded. This process was then repeated for the lateral side of the mitral annulus. Values were averaged to obtain TDI e mean 21 which is abbreviated as eЈ throughout the rest of the article. A color M-mode image of left ventricular inflow was obtained with the sampling area positioned to extend from midatrium to the apex, directly through the mitral valve orifice. The scale was reduced sufficiently to result in clear aliasing within the early portion of the mitral inflow. The resulting mitral inflow spatiotemporal velocity profile pattern was used to derive the early propagation velocity of mitral inflow (Vp) as previously described. 22
Statistical Analysis
Numeric data are presented as meanϮSD. Random coefficient mixed models analysis was performed to estimate regression parameters between noninvasive estimates of left-sided filling pressure (ie, E/eЈ and E/Vp) and invasive measures of left-sided filling pressure (PCWP) in instances in which group data comprised multiple data points from individual subjects, thereby accounting for the correlation within individual subjects. Linear regression analysis was performed to estimate regression parameters between noninvasive estimates of left-sided filling pressure and invasive measures of left-sided filling pressure in instances in which (1) group data were comprised of single data points from individual subjects; or (2) a single subject's data were being regressed. Standard error of the estimate (SE) was determined for the slope coefficient in each simple linear regression. Because clinicians and researchers are generally interested in estimating the PCWP by the noninvasive measures of E/eЈ or E/Vp, PCWP was set as the dependent variable and E/eЈ and E/Vp as the independent variables in the analyses except in the group data for each stage of preload manipulation. All analyses were performed by use of commercial software (SigmaPlot 11.0, Systat Software Inc, Chicago, IL, and SAS version 9.2, SAS Institute, Cary, NC).
Results
Characteristics for each of the 3 study groups are presented in Table 1 . Additional characteristics of the HFpEF patients, 15, 16 healthy elderly subjects, 17, 18 and healthy young subjects 18 can be found elsewhere.
Alterations in Preload
The mean PCWP, mean E/eЈ, and mean E/Vp (ϮSD) by group for each stage of preload manipulation are presented in Figure 1 . The application of LBNP at levels of Ϫ15 and Ϫ30 mm Hg lowered PCWP in each group; the rapid infusion of warm saline at 10 to 15 and 20 to 30 mL/kg increased PCWP in each group. With this protocol, a range of PCWP from 0.8 mm Hg to 28.8 mm Hg was achieved.
E/e and PCWP
In the composite of all subjects, the random coefficient mixed model regression was PCWPϭ0.58ϫE/eЈϩ7.02 (PϽ0.001) ( Table 2) ; this relationship was based on 267 paired measurements of E/eЈ and PCWP ( Figure 2 ). The linear regression slopes of the 47 individual subjects who comprised this composite varied greatly, ranging from Ϫ6.76 to 11.03. Individual coefficients of determination (r 2 ) also varied greatly, ranging from 0.00 to 0.94.
In healthy subjects, group random coefficient mixed model regression slopes ranged from 0.07 in the young group to 0.93 in the elderly group. Within the individual subjects who comprised these groups, linear regression slopes ranged from negative to steeply positive and r 2 ranged from low to high. Based on linear regression slopes, in 10 healthy subjects changes in E/eЈ and PCWP were discordant (E/eЈ decreased as PCWP increased), whereas in the other 24, changes were concordant.
Using only baseline measures, the HFpEF group's linear regression was PCWPϭ0.52ϫE/eЈϩ6.85 (Pϭ0.04, r 2 ϭ0.42, SEϭ1.99) ( Figure 3 ). However, with preload manipulations the linear regression slopes of the individual HFpEF patients varied greatly, ranging from Ϫ1.44 to 4.42. Likewise, individual HFpEF patient r 2 varied from 0.01 to 0.82. Based on linear regression slopes, in 3 HFpEF patients changes in E/eЈ and PCWP were discordant whereas in the other 8, changes were concordant. To further characterize these relationships, the linear regression slopes of E versus PCWP and eЈ versus PCWP in individual HFpEF patients are presented in Figure 4 .
E/Vp and PCWP
In the composite of all subjects, the random coefficient mixed model regression was PCWPϭ1.95ϫE/Vpϩ7.48 (Pϭ0.005) ( Table 3) ; this relationship was based on 256 paired measurements ( Figure 5 ). Within this composite, the linear regression slopes of 46 individual subjects ranged from Ϫ16.42 to 25.39, whereas r 2 ranged from 0.00 to 0.94.
In healthy subjects, group random coefficient mixed model regression slopes ranged from 1.64 in the elderly group to 7.07 in the young group; in HFpEF patients, this group regression slope was 2.51. Once again, within the individual subjects who comprised these groups, linear regression slopes ranged from steeply negative to steeply positive and r 2 ranged from low to high. Based on linear regression slopes, in 12 healthy subjects changes in E/Vp and PCWP were discordant whereas in the other 24, changes were concordant; in HFpEF patients these numbers were 5 and 6, respectively.
Discussion
The key finding of this study is that as left-sided filling pressures are manipulated in healthy individuals or in outpatients with HFpEF, the relationship between noninvasive indices (E/eЈ and E/Vp) and the PCWP is highly variable, with individual subject linear regression slopes ranging from HFpEF indicates heart failure with preserved ejection fraction. Data are presented as meanϮSD. steeply negative to steeply positive and coefficients of determination ranging from very low to very high. Consequently, noninvasive indices do not adequately track changes in left-sided filling pressures as these pressures vary within individual subjects.
Limitations of Noninvasive Indices in the 1-Time Estimation of Left-Sided Filling Pressures
There are several known limitations of E/eЈ and E/Vp in the 1-time estimation of left-sided filling pressures. Published linear regressions relating E/eЈ and E/Vp with invasive measures are generally derived from a composite of data points from individual subjects, each data point representing a single, simultaneous measure of the noninvasive index and PCWP. As each subject contributes only one paired measurement to the composite, these regressions consequently reflect the relationship for the population rather than for the individ-ual subjects which comprise the population. For this reason population based linear regressions often poorly predict left-sided filling pressures in individual subjects as reflected by their wide confidence intervals. Furthermore, the utility of noninvasive estimates of left-sided filling pressure appears to be highly dependent on the population studied. Although noninvasive indices have been validated in populations of healthy subjects as well as in select patients depressed systolic heart failure, 2 cardiac transplantation 4 , atrial fibrillation, 5 sinus tachycardia 6 and hypertrophic cardiomyopathy, 7 others have shown that they fail to accurately estimate left-sided filling pressures in patients with mitral valve disease, 8,10 symptomatic hypertrophic cardiomyopathy, 11 and decompensated advanced systolic heart failure. 12 
Noninvasive Indices Do Not Accurately Track Changes in Left-Sided Filling Pressures
Despite these limitations, some have suggested that serial measures of noninvasive indices might allow for the estimation of directional changes in left-sided filling pressures in response to therapy or worsening of heart failure within an individual subject. This thought is based on the presumption that changes in noninvasive indices should track changes in invasive measures within individuals in accordance with population based regressions. 4, 7, 13 Our data refute this presumption. The group means (of E/eЈ and E/Vp) tended to track preload manipulation well (Figure 1 ) and our population-based random coefficient mixed model regres-sions suggested a weak but significant relationship between PCWP and E/eЈ and PCWP and E/Vp (Figures 2 and 4) . However, as filling pressures were manipulated in the individual subjects who comprised these groups, significant variability was observed within individual subjects with regression slopes ranging from steeply negative to steeply positive and coefficients of determination ranging from very low to very high. This broad variability demonstrates that E/eЈ and E/Vp are not able to accurately track changes in left-sided filling pressures in individual patients.
To illustrate this point, our HFpEF group's baseline linear regression (PCWPϭ0.52ϫE/eЈϩ6.85 [Pϭ0.04, r 2 ϭ0.42, SEϭ1.99]; Figure 3 ) is similar to previously published regressions with the exception of a lower standard error of the estimate (SE), which has ranged from 3.4 7 to 3.9 mm Hg 1,6 in prior studies. Yet, despite this favorable group baseline and coefficient of determination (range, 0.00 to 0.82). Examples of the primary data for PCWP, E, and eЈ in 2 HFpEF patients are presented in Figure 6 . In the top example, PCWP and E/eЈ were concordant (the patient with a slope of 4.42), whereas in the bottom example, the 2 were discordant (the patient with a slope of Ϫ1.44). These examples illustrate the broad individual variability observed with this index as preload is manipulated. Similar findings were observed between PCWP and E/Vp in these HFpEF patients and between PCWP and E/eЈ and PCWP and E/Vp in our healthy subjects. To better understand the limitations of E/eЈ as an index to track changes in left-sided filling pressures, individual linear regression slopes for E versus PCWP and eЈ versus PCWP were examined in HFpEF patients. As demonstrated in Figure  4 , E showed a degree of preload dependence that was generally similar among individual HFpEF patients. Conversely, the response of eЈ, which also demonstrated a degree of preload dependence, was highly variable between individual HFpEF patients with steeply elevated slopes in 5 patients and more mildly elevated slopes in the other 6. This degree of preload dependence contrasts prior reports of the preload independence of eЈ 1 falling more in line with reports demonstrating a varying strength of relationship between eЈ and left-sided filling pressures. 3, 6, 7, 23 Of the 2 measures, the broad variability observed in the denominator of E/eЈ would appear to primarily account for the broad variability observed in individual E/eЈ slopes. As a collective, these observations illustrate the point that the interindividual slope of the preload manipulated E/eЈ relationship is so highly variable that it is impossible to reliably track changes in filling pressures in a given individual without first establishing the slope of the relationship in that given individual. This is, of course, impractical to perform in patients with clinical heart failure and hence, demonstrates an important limitation of this index.
A limited number of studies have previously attempted to assess the feasibility of serial measures of noninvasive indices to track changes in left-sided filling pressures associated with medical therapy or exercise. Mullens et al 12 examined the ability of the noninvasive index E/Ea to track changes in filling pressures between admission and the 48-hour time point in 51 patients admitted to the intensive care unit with advanced decompensated heart failure. Over the course of these 48 hours, the change in PCWP ranged from Ϫ24 to 16 mm Hg; however, the authors found no correlation between absolute changes in the E/Ea ratio and PCWP. More recently, Maeder et al 24 demonstrated that E/eЈ failed to reflect PCWP in exercising patients with heart failure with normal ejection fraction. In another study, Dokainish et al correlated the change in E/EЈ with the change in PCWP in 9 patients hospitalized in the intensive care unit before and after 48 hours of treatment with intravenous diuretics (nϭ5) and/or ionotropes (nϭ8). 13 Although these authors did show a correlation between change in PCWP and change in E/EЈ based on the group's composite data, the linear regression slopes of the individual subjects were not Figure 6 . Effects of preload manipulation on pulmonary capillary wedge pressure (PCWP), E, eЈ, and E/eЈ slope in 2 patients with heart failure with preserved ejection fraction (HFpEF). In the top example, increasing PCWP results in a positive E/eЈ slope demonstrating concordance between these measures. In the bottom example, increasing PCWP results in a negative E/eЈ slope demonstrating discordance. In 8 of 11 HFpEF patients, PCWP and E/eЈ were concordant, whereas in the other 3, the 2 measures were discordant. Mean PCWP was determined during the period of diastasis, thereby minimizing the impact of large V waves on the mean PCWP observed in the top example.
presented. Additional studies have also reported correlations between changes in PCWP and changes in E/EЈ 4, 7 ; however, again, the linear regression slopes of the individual subjects who made up these populations were not presented, calling into question the ability of these population-based indices to accurately predict changes in left-sided filling pressures within individual subjects.
Study Limitations
Although great care was taken to obtain all echocardiographic measures in traditional imaging planes, subtle variations are often unavoidable and occasionally, representative measures could not obtained or interpreted. Overall, subtle variation in imaging planes was thought to be a random phenomenon which was equally distributed among all measures obtained. There were few instances of unobtainable or uninterpretable measures. For E/eЈ, only 15 of the 282 possible measures (5%) could not be obtained or interpreted; for E/Vp, this number was 20 of the 276 possible measures (7%). Finally, we used PCWP as a measure of left-sided filling pressures rather than directly measured left atrial pressure. However, previous studies have shown that in the absence of anatomic obstruction between the pulmonary capillary and the left ventricle, PCWP correlates closely with left ventricular enddiastolic pressure and is widely used as a surrogate for left atrial pressure. 23, 24 
Conclusion
As filling pressures are manipulated, the relationship between noninvasive indices (E/eЈ and E/Vp) and the PCWP is highly variable in healthy patients and patients with HFpEF, with individual subject linear regression slopes ranging from steeply negative to steeply positive and coefficients of determination ranging from very low to very high. Consequently, within individual subjects, noninvasive indices do not reliably track changes in left-sided filling pressures, precluding the use of these techniques in research studies with healthy volunteers or to titrate medical therapy in patients with HFpEF.
